I present evidence for asymmetry in the expression of transsexual traits in adult hummingbirds. Among females, individuals with male-like plumage are common and de¢ne a continuous range of variation. Among males, individuals with female-like plumage are rare and de¢ne discontinuous plumage morphs. Quantitative characters also distinguish transsexuals from other members of their sex, but the characters involved di¡er for male-like females (bill length) and female-like males (bill, wing and tail length). Gonadal development is correlated with transsexuality only in males; female-like males have signi¢cantly smaller testes than male-like males. Both sexes demonstrate a signi¢cant negative association between plumage brightness and bill length.This association suggests an ecological basis for transsexuality because di¡erences in plumage and bill morphology are associated with di¡erences in foraging behaviour within and between hummingbird species. Morphological di¡erences between transsexuals and non-transsexuals imply that plumage sexual dimorphism is more likely to evolve through changes in the frequency of female, rather than male, transsexual variants.
INTRODUCTION
Considerable interest has always attended the occurrence of transsexuality in nature because of its potential relevance to humans (Thornhill & Gangestad 1996) .`Transsexual' phenotypes arise when members of one sex express secondary sexual attributes more typical of the other sex, resulting in the occurrence of male-like females (MFs) or female-like males (FMs), in addition to more typical female-like females (FFs) and male-like males (MMs), within the same population (Stamps & Gon 1983; Bleiweiss 1985; Robertson 1985; Gross 1996 ). An important question about such variation that has not been addressed is whether MFs and FMs are`equivalent' phenomena; that is, do both transsexual forms resemble members of the opposite sex in the same way? Here, I show that MFs and FMs in hummingbirds are not equivalent in this sense. Rather, both the frequency and the exact form of transsexuals di¡er between males and females. In hummingbirds, the di¡erent transsexual forms are independent of age and can occur within the same interbreeding population, so that growth patterns and phylogenetic in£uences that might otherwise cause transsexuals to di¡er are factored out. Thus, the hummingbird example provides particularly convincing evidence for the biological asymmetry of transsexuality.
MATERIAL AND METHODS

(a) Scope of the study
Earlier studies of the Andean hummingbird genus Heliangelus demonstrated that adult females of most species typically vary in their expression of a male-like gorget, with a complete range of variation from non-iridescent (female-like) to fully iridescent (male-like) females (Bleiweiss 1985 (Bleiweiss , 1992a (Bleiweiss ,b, 1994 . These studies also found a few (approximately 6 out of 822) specimens with female-like plumage but with small testes noted on the specimen label (see table 4 in Bleiweiss 1992a) . To compare and clarify the apparent variation both within and between the sexes, I augmented my earlier data for Heliangelus by assessing plumage and morphological variation among adults and immature birds of both sexes in several related Andean`Brilliant' genera including Eriocnemis, Haplophaedia, Heliodoxa (including Polyplancta, Clytolaema, Hylonympha) and Coeligena (Gerwin & Zink 1989; Bleiweiss et al. 1994 Bleiweiss et al. , 1997 del Hoyo et al. 1999) . I examined all specimens in the focal taxa from 15 museum collections (see Acknowledgements for list of museums). To ensure accurate assessment of sex, I characterized variation both for all specimens with sex indicated on the specimen label, and for just those specimens with gonad data. As the two data sets gave qualitatively similar results, I report the more inclusive analyses.
(b) Morphology
Morphology was quanti¢ed as before (Bleiweiss 1985 (Bleiweiss , 1992a . Plumage variation was summarized by assigning individuals to four exclusive colour classes based on the average number of male-like feathers of the variable trait (usually the gorget) in MMs: class I 0%; class II425%; class III450%; class IV 4 50%. Immature birds were distinguished by the presence of striations on their bills (Ortiz-Crespo 1972) ; these striations gradually disappear with ontogeny and are absent in adults (approximately one year of age and older), thus providing a quantitative scale for assessing the ontogeny of immature plumage (Bleiweiss 1985 (Bleiweiss , 1988 (Bleiweiss , 1992b . All meristic traits were quanti¢ed by using a camera lucida to trace and then count the number of elements (feathers or striations; see Bleiweiss (1985) for details).
Measurements of wing (chord of un£attened ¢rst primary), bill (culmen from the £ange of the nasal operculum) and tail (chord of un£attened ¢fth rectrix) length were taken on each specimen when possible; I omitted measurements on particular specimens if a feature was obviously in moult, worn or damaged. Data on body mass were not available for many specimens, but linear measurements of the wing and tail lengths are highly correlated with mass (R. Bleiweiss, unpublished data). Therefore, wing and tail measurements are also used as proxy variables for overall size. Colour names follow those provided for standards in Smithe (1975) .
(c) Analyses
To detect general characteristics of transsexual phenotypes across all taxa, it was desirable to pool all individuals for most analyses. To remove mean size di¡erences among taxa from these analyses, I ¢rst converted size data for each species to standard normal deviates (z-scores of zero mean and unit variance) of log 10 measurements, thereby translating data to units of standard deviation. All analyses were conducted in SAS (SAS Institute 1983) for UNIX 1 on a SparcStation 20 (Palo Alto, CA, USA).
RESULTS
(a) Survey of variation
My survey of plumage variation among 2252 adult specimens in the focal taxa identi¢ed transsexual phenotypes in 18 out of 42 species (tables 1 and 2). All four possible combinations of intraspeci¢c variation in male and female plumage were detected (table 1), including species in which the plumage of either one or both sexes varied within populations. Failure to detect variation in some species may re£ect inadequate sampling (rare taxa) or actual absence.
I focus here on species with transsexual variation in one or both sexes (total sample: 1293 adults and 269 immature birds). In these species, the sexes di¡er signi¢-cantly in the frequencies of colour classes for both adults (w 2 1311.3, d.f. 3, p 5 0.0001) and immature birds (w 2 73.34, d.f. 3, p 5 0.0001); data for males and females of these taxa are summarized together (tables 3, 4 and 5) to facilitate comparisons.
(b) Male-like females
Adult MFs were frequent and taxonomically widespread, occurring in 16 out of 42 species (38.1%) across the taxa examined (table 1 and ¢gure 1). In most cases, the characteristics of MFs conformed to those described in earlier studies of Heliangelus. Maleness typically varied continuously between the extreme female-like (class I) and male-like (class IV) female morphs. The one variable Eriocnemis, Eriocnemis vestitus, was atypical because FFs were also iridescent, with glittering yellow-green to golden underparts and a scaly turquoise-blue gorget. However, MFs were identical to males in their more striking iridescent plumage, which included a larger violet gorget, darker green body plumage and a contrasting glittering yellow-green lower back. Across all taxa, iridescent male-like feathers (classes II^IV) were present in 288 out of 548 adult females (52.6%) and the most male-like females (classes III and IV) occurred at moderate to high frequency (34.3% across all taxa), particularly in Heliangelus and Heliodoxa.
Gonadal development did not di¡er signi¢cantly between female plumage variants (table 3) . Moreover, immature females expressed the complete range of plumage variation observed in adult females and the di¡erences in colour-class frequencies between adult and immature females were only marginally signi¢cant (w 2 8.67, d.f. 3, p 5 0.05). The amount of male-like iridescence was not correlated signi¢cantly with age (as indexed by the number of bill striations, table 4). Thus, maleness expressed in females was not correlated in any simple way with physiological status or age. On the other hand, extreme female colour classes di¡ered signi¢cantly in bill length, re£ecting a general pattern for bills to be longer in female-like (I^II) compared with male-like (III^IV) individuals (table 5 and ¢gure 2).
(c) Female-like males
Whereas females vary greatly in their expression of iridescent male-like plumage, the vast majority of adult males were MMs. However, 18 out of 745 sexed adult males from nine (ten if Coeligena torquata inca is split from C. torquata; del Hoyo et al. 1999) species across all taxa were virtually identical in plumage to female-like (class I, rarely class II) females of that species (tables 1 and 2 and ¢gure 1). The disparity in relative frequency of FMs (classes I and II) compared with MFs (classes III and IV) was striking; FMs comprised only ca. 2% (most species) or 10% (Coeligena lutetiae) of adult males, whereas MFs often exceeded 50% of adult females in some species. Both MFs and FMs may occur in the same population (Heliangelus exortis, Heliangelus amethysticollis, E. vestitus, Coeligena violifer), although the rarity of FMs may have precluded their detection in all samples (table 1) .
The rare FMs cannot be dismissed as improperly sexed females. Label data for most of the FMs speci¢cally indicated the presence of testes; for instance, drawings of paired testes accompanied label data for ¢ve of these specimens and the presence and dimensions of testes were indicated for eight more (table 2) . Gonad data were lacking for FM C. lutetiae, for which only sex was indicated on the labels. However, the existence of FMs was wellsupported for two congeners (tables 2). Remarkably, the gonadal development of FMs appeared to be atypical, as the testes were smaller than those of MMs but similar in size to those of immature males (indicated to be 41mm, Bleiweiss 1985 Bleiweiss , 1992b . Thus, the occurrence of FMs among immature and adult birds (¢gure 2) indicates that two distinct ontogenies (MMs and FMs) occur in individuals of roughly equal age. There was no evidence that FMs were moulting into male-like plumage or that they were collected during particular seasons or years (table 2) . Their rarity alone suggests that FMs are not part of the typical male ontogeny.
DISCUSSION
The reciprocal expression of transsexual phenotypes in interbreeding hummingbirds (same species and/or population) reveals that the presence or absence, frequency, morphology and physiology of transsexual phenotypes di¡er between males and females. Moreover, MFs resemble other females more than FMs resemble other males. These ¢ndings imply that transsexuality is expressed and controlled di¡erently in males and females. Thus, hummingbirds provide an excellent model for understanding patterns of transsexuality in the animal kingdom, especially in higher vertebrates. Data presented here and elsewhere (Bleiweiss 1985 (Bleiweiss , 1992a indicate that adult plumage variation cannot be attributed simply to changes in colour and form with age, season or year. For both sexes, immature birds (by gonads and bill striations) express a pro¢le of variation similar to that observed in adults. Thus, intrasexual variation is not de¢ned by age-class structure within populations (contra delayed plumage maturation; Rohwer et al. 1980; Hill 1996) . FMs could be a rare conditional phenotype in which a few adult males delay the acquisition of iridescent plumage. However, the di¡erences in quantitative characters between MMs and FMs suggest that FMs are rare morphs that retain their distinctive features throughout life. In either case, MFs and FMs di¡er in many characteristics. Thus, comparisons of MFs and FMs seem justi¢ed even if all possible age-related and other facultative changes cannot be ruled out. Here, I examine some of the implications of the hummingbird pattern for birds and for animals generally.
(a) Proximate mechanism
The expression of male-like traits in females has often been attributed to a correlated response in females to selection on males because the sexes share most of their genomes. The coincident but asymmetrical expression of transsexual morphs, as documented here, provides several new insights into this hypothesis. First, the existence of transsexual males indicates that a genetic correlation may also produce female-like traits in males. In this regard, however, the genetic-correlation hypothesis predicts that both sexes should express transsexual traits in the same way, through the shared portion of their respective genomes. In the most extreme such case, MFs should be the size and colour of males and FMs the size and colour of females. My evidence that transsexual morphologies are expressed di¡erently in the sexes implies that the unshared portion of the genome also strongly regulates the expression of secondary sexual traits.
For hummingbirds, expression of FMs as discrete plumage morphs suggests that genetic correlations may be stronger when female traits are expressed in males than vice versa. However, the frequency of transsexualism is greater in females than males. These seemingly contradictory properties could occur if transsexuality is controlled, at least in part, by genetic factors located on the sex chromosomes. Unlike mammals, birds lack dosage compensation (Baverstock et al. 1982; Ellegren 2000) and females are the heterogametic sex (ZW). Control of maleness through the dose of Z-linked genes is consistent with the polymorphic expression of transsexual phenotypes in males, which suggests the operation of a threshold mechanism; the karyotypes of FMs would be of great interest in this regard. Nevertheless, some autosomal control of transsexuality in hummingbirds is suggested by the graded expression of male-like plumage in females and by the associations in both sexes between plumage and morphometric variation (see also Hogan-Warburg 1966; Lank et al. 1995) . Moreover, the smaller testes of FMs implicate hormonal di¡erences as either a cause or an e¡ect of transsexuality (Owens & Short 1995) . Such patterns reinforce the general conclusion that both sexlinked and autosomal genetic factors must generate the complicated and asymmetrical patterns of transsexuality observed in hummingbirds.
(b) Ecology
In hummingbirds, several lines of evidence indicate that brighter, more colourful plumages and shorter bills occur in the more dominant species, sex and individual (Wolf 1969 (Wolf , 1975 Ewald & Rohwer 1980; Bleiweiss 1985 Bleiweiss , 1992a Bleiweiss ,b, 1999 . Plumage^bill covariation appears to result from selection associated with priority of access to nectar, which may require subordinates (individuals, females and species) to evolve duller plumage and longer bills to improve their abilities as exploitation competitors. Transsexual individuals further support and extend this hypothesis because they highlight the same associations between more colourful plumage and shorter bills among adults within either sex (table 5 and ¢gure 1; see also Bleiweiss 1985 Bleiweiss , 1992b . Moreover, as plumage^bill covariation is independent of body mass (Bleiweiss 1999 ), the expected di¡erences in feeding ecology should prove robust to considerations of mass-dependent energetic costs of £ight and of sexual size dimorphism (Feinsinger & Chaplin 1975; Feinsinger et al. 1979; Carpenter et al. 1993; Stiles 1995) . Remarkably, the pattern of longer bills in FMs compared with those of conspeci¢c females parallels the pattern for males and females in species whose sexes share the same female-like plumage and non-territorial feeding behaviours; the longer male bills in these dull monochromatic species are associated with breeding behaviours that may constrain male priority at nectar sources (Bleiweiss 1999) . Thus, some ecological behaviours associated with transsexuality may depend on gender. Whether, in the context of feeding or breeding behaviour, the restriction of small gonads to FMs also suggests that the ¢tness of a transsexual form depends on the sex in which it occurs.
(c) Evolution
Although male hummingbirds are often brighter than females, the sexes share either dull (female-like) or bright (male-like) plumage in many species (Wolf 1969 (Wolf , 1975 Bleiweiss 1992a Bleiweiss , 1999 . In principle then, the extent of plumage sexual dimorphism could evolve through shifts in the relative frequencies of di¡erent male or female (bright or dull) colour forms (Bleiweiss 1992a) . Indeed, the frequency of MFs changes dramatically across the populations of several Brilliant species, re£ecting intraspeci¢c shifts between sexually dimorphic and bright monomorphic plumage: Heliangelus (Bleiweiss 1992a) and Heliodoxa (H. rubinoides and the allospecies H. gularisb ranickii; table 6). The occurrence of just the two extreme female colour morphs (classes I and IV) in some populations also appears to arise through changes in the modal distribution of continuous variation (Bleiweiss 1992a) . Covariation between plumage coloration and bill length implies that such changes in sexual dichromatism re£ect corresponding changes in feeding ecology.
Given that FMs are so rare and have underdeveloped gonads, the evolution of dull monomorphism through ¢xa-tion of FMs may be unlikely to occur without substantial additional changes. This inference is consistent with evidence that males of dull monomorphic and bright dimorphic hummingbirds have similar patterns of taillength sexual dimorphism (Bleiweiss 1999; R. Bleiweiss, unpublished data) , whereas ¢xation of FMs would produce sexual monomorphism for tail length. Thus, the proximate mechanisms leading to evolution of bright and dull monomorphisms in hummingbirds may di¡er. In turn, these di¡erences in mechanism may eventually help to explain the di¡erent contributions that each sex makes to the evolution of sexual dimorphism (Bleiweiss 1992a (Bleiweiss ,b, 1999 Amundsen 2000) . 
CONCLUSIONS
The intense intrasexual ecological competition that appears to promote the evolution of transsexuality in Brilliant hummingbirds occurs in many members of the family (reviewed in Bleiweiss 1992b Bleiweiss , 1999 . Thus, transsexuality is probably widespread in hummingbirds, highlighting the need to characterize intrasexual variation as a component of sexual dimorphism in these birds. Indeed, typological approaches to secondary sexual characteristics may prove biologically unrealistic for any organisms in which similar patterns of strong intrasexual ecological competition exist. 
